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Abstract
The full length estrogen receptor from Oreochromis aureus (OaER) was cloned and expressed in vitro and in vivo as a
functional transcription factor. Amino acid residues involved in the thermal stability of the receptor are located at/near
subzones L1 and L3, which are highly conserved in other non-piscine species but not in OaER. Hormone binding studies,
however, indicate that OaER is thermally stable but exhibited a V3-fold reduced affinity for estrogen at elevated
temperatures. Transfection of OaER into various cell lines cultured at different temperatures displayed a significant estrogen
dose-response shift compared with that of chicken ER (cER). At 37‡C, OaER requires V80-fold more estrogen to achieve
half-maximal stimulation of CAT. Lowering of the incubation temperature from 37‡C to 25‡C or 20‡C resulted in a 4-fold
increase in its affinity for estrogen. The thermally deficient transactivation of OaER at temperatures above 25‡C was fully
prevented by high levels of estrogen. Thus, compared to cER, the OaER exhibits reduced affinity for estrogen at elevated
temperature as reflected in its deficient transactivation capability. Amino acid replacements of OaER L3 subzones with
corresponding amino acids from cER could partially rescue this temperature sensitivity. The three-dimensional structure of
the OaER ligand binding domain (LBD) was modelled based on conformational similarity and sequence homology with
human RXRK apo, RARQ holo and ERK LBDs. Unliganded and 17L-estradiol-liganded OaER LBD retained the overall
folding pattern of the nuclear receptor LBDs. The residues at/near the subzone L3 of the LBD constitute the central core of
OaER structure. Thus, amino acid alteration at this region potentially alters the structure and consequently its temperature-
dependent ligand binding properties. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Steroid hormone receptors are members of a
superfamily of ligand-inducible transcription factors
including the receptors for thyroid hormone, retinoic
acid and vitamin D3 [1]. These receptors can be sub-
divided into six domains, A^F, encompassing three
major functions: (i) speci¢c and high a⁄nity ligand
binding, (ii) speci¢c DNA binding and (iii) transacti-
vation [2]. The estrogen receptor (ER) mediates the
e¡ects of estrogen on its target tissues. Upon estro-
gen binding, ER undergoes a conformational change
and dissociates from an inhibitory hetero-oligomeric
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complex of receptor, heat shock and other proteins
[3^5]. The receptors then dimerize and bind to a
palindromic DNA sequence, termed estrogen-re-
sponse element [6^8]. Subsequent modi¢cations
such as phosphorylation by DNA-dependent and
other kinases occur and interactions with the tran-
scriptional apparatus enable the receptor to alter
gene transcription [9^11].
The ligand binding domain (LBD) of the ER has
been localized to the carboxy-terminus of the recep-
tor protein. Earlier studies involved creating large
deletions that provided critical but limited informa-
tion about this complex domain. A number of stud-
ies have also focused on the roles of individual amino
acids or regions in the LBD involved in ligand bind-
ing [12^14]. These amino acids have been identi¢ed
either through natural mutation, cloning artefactual
mutation [15] or limited to a single amino acid
change near/at cysteine residues in LBD [12^14,16].
Such analyses cannot predict the e¡ects of multiple
mutations on the global perturbation of ER structure
that could result in altered ligand a⁄nity. Moreover,
such mutagenesis studies have so far been performed
only on ER from homeothermic animals. The high
conservation of numerous amino acids in the LBD of
mammalian ERs might evade scrutiny and simply be
surmised as being necessary for performing the basic
roles of maintaining the 3-D structure of the recep-
tor.
Since ¢sh constitute a diversi¢ed group, and are
the ¢rst vertebrates to evolve and adapt to low tem-
peratures, a comparison of ¢sh ER genes with other
non-piscine vertebrate ERs would help to identify
amino acids important in the binding of estrogen
as well as those implicated in modulating its temper-
ature sensitivity, a⁄nity and selectivity. The tilapia
(Oreochromis aureus) estrogen receptor (OaER) gene
has been cloned in our laboratory [17]. Similarity
comparison of OaER with ERs of other species
showed that apart from the C and E domains, the
amino acid sequences are not conserved in a homo-
geneous way. Hormone binding operates via the E
domain of the protein [18]. A hydrophobic pocket in
the E domain is responsible for the recognition and
speci¢c binding of estrogen [19]. The E domain also
plays other roles such as transactivation and protein-
to-protein interaction. The E domains of non-piscine
ERs exhibit strong similarity of 84^94%. However,
this similarity decreases to 58^62% between piscine
and non-piscine ERs. This lower degree of similarity
in the E domain of OaER warrants su⁄cient atten-
tion to identify novel regions that are responsible for
the lower a⁄nity of OaER for estrogen as well as
structure-function relationships and temperature sen-
sitivity to estrogen between a non-seasonal tropical
piscine, OaER, and a non-piscine, chicken ER (cER).
In this paper, we report the cloning of OaER
cDNA, and the use of an in vitro coupled transcrip-
tion and translation (TNT) system to generate full
length OaER which has unique estrogen binding
properties. The OaER cDNA was also subcloned
into an expression vector to determine the temper-
ature-dependent ligand binding of OaER by in vitro
hormone binding studies. These constructs were also
transfected into various cell lines maintained at a
range of temperatures and the dose response to es-
trogen was monitored. Using the same conditions, a
comparison was made with cER. Finally, in an at-
tempt to rescue this temperature-dependent ligand
binding, hormone binding and transfection experi-
ments were performed on a mutant OaER construct
where its L3 subzone was swapped with the corre-
sponding region from cER.
2. Materials and methods
2.1. RT-PCR and cloning of OaER
Poly(A)-rich mRNA from estrogen-stimulated fe-
male O. aureus liver was isolated and reverse tran-
scribed [17]. PCR was performed in a 100 Wl reaction
mixture containing 2 Wl of reverse transcriptase reac-
tion mixture, 10 Wl of 10UPfu bu¡er, 200 WM each
of dNTPs and 2.5 U of Pfu (exo3) polymerase
(Stratagene). This reaction mixture was overlaid
with 100 Wl of mineral oil. ‘Hot Start’ PCR [20]
was performed with 1 WM of each primer which
was placed over the mineral oil to prevent initial
mixing with the rest of the reaction mixture. PCR
was performed in an MJ PTC-200 thermal cycler
(MJ Research, USA). Full length and D, E, and F
domains of OaER were ampli¢ed. The ¢rst cycle
consisted of: 94‡C/8 min, 65‡C/3 min and 72‡C/3
min. The thermal cycle pro¢le for the following
29 cycles was 94‡C/1.5 min, 65‡C/1 min and 72‡C/
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2 min. After the last cycle, a ¢nal extension of 8 min
at 72‡C was carried out to ensure complete synthesis
of DNA. The B, C, and D domains of OaER cDNA
were ampli¢ed with an initial cycle of 94‡C/8 min,
62‡C/2 min and 72‡C/2 min. The subsequent 29 cycles
were run at 94‡C/1.5 min, 62‡C/1 min and 72‡C/1
min. Similarly, a ¢nal extension of 72‡C/5 min was
performed to ensure complete synthesis. The PCR
products were resolved in a 1.2% agarose gel and
puri¢ed using Qiaquick Gel Extraction kit (Qiagen).
Puri¢ed PCR products were subcloned into pBlue-
script II SK linearized with EcoRV and HincII.
2.2. TNT reaction
DNA plasmids were prepared using the Wizard
Plus DNA Puri¢cation System (Promega). TNT reac-
tions were set up as described by the manufacturer
(Promega). [3H]Leucine (Amersham, UK) was used
for labelling. The translated product was analyzed by
trichloroacetic acid precipitation and SDS-PAGE
[21]. Non-radioactive TNT product was also synthe-
sized by replacing radiolabeled amino acid with 1 Wl
of amino acid mixture (minus methionine). This
translated product was used for radioligand binding
assay.
2.3. Hormone binding studies
Estrogen binding to TNT products was determined
by incubation of 10 Wl of TNT mixture or 50 Wg
transfected COS-1 cell extract with various concen-
trations of [2,4,6,7,16,17L-3H]estradiol (142 Ci/mmol,
Amersham) at 4‡C (for 16 h), 20‡C, 25‡C, 28‡C and
37‡C (for 2 h), in the presence and absence of
200-fold unlabeled diethylstilbestrol (Sigma) in
200 Wl HEDG (20 mM HEPES, pH 7.4, 1.5 mM
Na4EDTA, 0.25 mM dithiothreitol and 10% glycer-
ol). Free and bound ligand were separated by addi-
tion of an equal volume of dextran-coated charcoal
(0.5% activated charcoal and 0.05% dextran T-70) in
HEG. Samples were treated for 5 min on ice with
periodic mixing, centrifuged at 12 000 g for 1 min,
followed by removal of 200 Wl aliquots of superna-
tant for scintillation counting. The receptor number
and a⁄nity were determined by the method of
Scatchard [22].
Thermal stability of OaER was determined in vitro
as described by Reese and Katzenellenbogen [16]
with some modi¢cations. Essentially, equal amounts
of TNT ER were preincubated on ice for 2 h in the
presence or absence of hormone to occupy the recep-
tor with ligand. This was followed by incubation at
4, 20, 25, 28 and 37‡C for 0, 15 and 30 min. At the
indicated time, [3H]estradiol was then added to sam-
ple lacking ligand, and all tubes were placed at 20‡C
for 2 h to occupy the receptor. ER binding was then
measured by the dextran-coated charcoal assay.
2.4. Construction of pCI-neo OaER, pCI-neo cER
and pCI-OaERv398^432 expression vectors
The construction of pCI-neo OaER involved a di-
rectional cloning of full length OaER cDNA into the
XhoI and XbaI sites of pCI-neo (Promega). The cER
cDNA was kindly provided by Prof. Chambon
(Strasbourg, France). The cER cDNA was obtained
by digesting with EcoRI. Using an intermediate
pBluescript vector, the cER was subcloned into
XhoI and XbaI sites of the pCI-neo vector.
The expression vector harboring mutant OaER,
pCI-OaERv398^432, was constructed by initial site-
directed insertion of EcoRI and ScaI restriction en-
zyme sites at amino acid positions 398 and 432 of
cER. The 5P and 3P coding regions of OaER were
isolated via PCR. These two regions which contain
the appropriate restriction enzyme sites were then
simultaneously replaced with those of cER (Fig. 1).
In-frame cloning and translation were con¢rmed by
sequencing and TNT. The control plasmid pTK-CAT
and the estrogen-dependent reporter gene pERE-TK-
CAT were gifts from Prof. Wahli (University of Lau-
sanne, Switzerland). pSEAP-control was obtained
from Clontech. All plasmids for transfection were
prepared by Qiagen Maxiprep.
2.5. Cell culture and transfection
Di¡erent ER-de¢cient cells were maintained in
phenol red-free Dulbecco’s modi¢ed Eagle’s medium
(for COS-1 and HeLa cells) or minimal Eagle’s me-
dium (for EPC (epithelial papillosum crypiniae) and
CHSE (chinook salmon embryonic) cells) supple-
mented with 10% charcoal-dextran treated fetal bo-
vine serum (Hyclone), 100 U/ml of penicillin and
100 Wg/ml streptomycin. The cells were cultured in
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a humidi¢ed incubator supplied with 95% air/5%
CO2 at 37‡C (for COS-1 and HeLa cells), 28‡C and
25‡C (for EPC cell) or 20‡C (for CHSE cell). Before
transfection, cells growing as monolayers were trypsi-
nized and replated into six-well tissue culture plates,
and incubated for 24 h until 60^80% con£uence.
Cells were transfected with 0.4 Wg of pERE-TK-
CAT:pCI-neo ER:pSEAP-control vectors in a ratio
of 6:3:1 by Lipofectamine Plus reagent (Gibco-BRL)
as described by the manufacturer. Hormonal induc-
tion was carried out using 1U10312 to 1U1035 M of
17L-estradiol. Each transfection was carried out in
triplicate and each experiment was repeated at least
three times. Using the CAT ELISA (Boehringer
Mannheim), cell extracts were assayed for CAT en-
zyme 48 h after transfection. Transfection e⁄ciencies
were normalized with SEAP activity measured with
the Great EscAPe SEAP Fluorescence Detection kit
(Clontech).
2.6. Molecular modeling of OaER ligand binding
domain (LBD)
For structure comparison and model building the
X-ray structures of RXRK LBD at 2.7 Aî resolution
[23] and RARQ LBD at 2.0 Aî resolution [24] were
used. Initial OaER LBD sequence alignment search
of PDB generated by the FASTA program [25,26]
produced the highest score for the RXRK apo-LBD
with 28.5% identity in 242 overlapping amino acids,
which represents only limited sequence similarity.
Fourteen structurally conserved regions were identi-
¢ed in the structure alignment of RXRK LBD and
RARQ LBD using the distance matrix approach.
OaER LBD was then aligned to RXRK LBD by
automatic pair-wise sequence alignment incorporated
into the Homology module [27], complemented by
manual re¢nement of the alignment. Both the struc-
turally conserved regions and conformationally vari-
able regions of the model protein were constructed
using the Modeller algorithm of Síali et al. [28,29].
Hydrogen atoms were added using the Biopolymer
module [27] and a global energy re¢nement of the
model was carried out by molecular mechanics
(MM) and molecular dynamics (MD) simulations
with the Discover program [27] using all-atom repre-
sentation. The consistent-valence force¢eld (CVFF)
[30] with a 20.0 Aî cuto¡ distance for non-bonded
interactions was used throughout the study. The ini-
tial model, with subsets corresponding to the struc-
turally conserved regions of the reference proteins
constrained to their secondary structure and overall
fold, was optimized in vacuum with an e¡ective di-
electric constant of O= 4, to account for general con-
densed phase environment. Steepest descent and con-
jugate gradient minimizations of the model structure
Fig. 1. Nucleotide and amino acid sequences of native OaER and OaERv398^432 expression vectors. The nucleotide and amino acid
sequences near the native OaER L3 subzone are shown. The 5P coding region of OaER, with respect to L3, was synthesized by PCR
using OaER5PUTRfor and OaERL3rev (5P-CTGGAATTCCTCAGGTTTGAGCTTGAGCACCC-3P). The 3P coding region of OaER
was synthesized by PCR using OaERL3for (5P-CCAACAAGTACTGGACACCATTACTGATGCGCT-3P) and OaERFrev. The EcoRI
and ScaI restriction enzyme sites introduced during PCR were used for cloning the cER L3 subzone. The OaERv398^432 mutant was
created by the replacement of subzone L3 with that of cER. Asterisks indicate amino acids at/near L3 that are di¡erent between wild-
type OaER and OaERv398^432. No amino acids were introduced or deleted during L3 replacement.
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followed initial relaxation of hydrogen atom posi-
tions until convergence was reached at a gradient
of 0.1 kcal mol31 Aî 31. Constrained MD simulation,
with backbone atoms in the subsets of structurally
conserved regions, tethered to the initial positions
with a force constant of 2000.0 kcal.mol31 Aî 32,
was used for sampling the conformational space of
variable regions to search for their low energy con-
formations. Con¢gurations with low potential energy
encountered during 100 ps MD simulation at 300 K
were selected and cooled down using a short simu-
lated annealing protocol followed by energy minimi-
zation. The stereochemistry of the model structure
with the lowest total energy was then analyzed by
the ProStat algorithm [27] and sequence-structure
compatibility was veri¢ed by the inverse folding anal-
ysis using the 3-D pro¢le method of Eisenberg et al.
[27,31,32]. The analysis shared a total score of 66.3
for this model (ideal score for this protein: 108.1,
misfolded structure threshold score: 48.6).
The re¢ned model of the OaER LBD was then
used for docking of 17L-estradiol to its hydrophobic
ligand binding pocket. Location and steric con-
straints in the OaER LBD ligand binding pocket
were determined from alignment of the OaER LBD
sequence with those residues of RARQ LBD, li-
ganded with retinoic acid, that lie within 4.0 Aî dis-
tance from the ligand in the RARQ LBD crystal
structure. The initial orientation of the 17L-estradiol
ligand in the model of OaER LBD was chosen by
analogy to the mode of ligand binding in the hERK
LBD [19] such that the phenolic hydroxyl made di-
rect hydrogen bonds with Glu-308 and Arg-349. The
17L hydroxyl group made hydrogen bonds with His-
478 and Cys-484 while the body of the 17L-estradiol
molecule participated in hydrophobic contacts with
receptor residues lining the pocket. Closing of the
ligand binding pocket by the C-terminal K-helix after
ligand accommodation was modelled by bending of
the OaER LBD backbone so that speci¢c residues of
the helix approached the ligand. Relaxation of the
OaER LBD model structure after docking of the
ligand, adjustment of the sealing helix orientation
and re¢nement of the ligand position were carried
out in a 50 ps constrained MD simulation at 300 K
with the ligand-receptor hydrogen bonds tethered to
their usual bond lengths by a force constant of
2000.0 kcal.mol31 Aî 32, continued by energy minimi-
Fig. 2. Strategies for RT-PCR, its products and Southern blot
analysis. (A) Relative positions of PCR primers are indicated
(C) with respect to the OaER cDNA. OaER5PUTRfor (5P-
CCTCAACGACATGTACCCCG-3P) ; OaER3PDrev (5P-CATC-
CTGAGGGGACGCCTT-3P) ; OaER5PDfor (5P-CGTAAGGA-
CCGTGGACGT-3P) ; OaERFrev (5P-GGTTCATGGGATGC-
GGGT-3P). (B) RT-PCR products containing di¡erent domains
of OaER cDNA. Lanes 1: 100 bp marker (Gibco-BRL); 2: B/
C/D domains; 3: D/E/F domains; 4: full length OaER cDNA;
and 5: V/HindIII marker. (C) Southern blot analysis of the
three PCR products. Lane 1: B/C/D domains; lane 2: D/E/F
domains; lane 3: full length OaER cDNA. The presence of the
B domain was identi¢ed using the 1.2 kb HindIII-£anking ge-
nomic fragment containing the B exon. The C and E domains
were veri¢ed using the HindIII-PstI £anking C1 and SalI-Hind-
III £anking E3 genomic fragments, respectively. The 32-P-end-
labeled OaERD (5P-GGTCATTATGGTGACCT-3P) oligonu-
cleotide [17] was used as a probe. The B, C, D and E below
each autoradiogram annotate various domains used as probes.
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zation. Graphical displays were printed out from the
Insight II molecular modeling system [27].
3. Results
3.1. Isolation of OaER cDNA using gene-speci¢c
primers
Gene-speci¢c primers were designed based on se-
quences derived from the genomic clones [17]. The
choice of both ‘Hot Start’ PCR and stringent anneal-
ing of OaER-speci¢c primers (Fig. 2A) allowed the
isolation of rare OaER cDNA. Limiting the PCR to
30 cycles of ampli¢cation and using proofreading Pfu
polymerase minimized misincorporation of nucleo-
tides in OaER cDNA. Three PCR products, full
length OaER cDNA of 1.8 kb and partial OaER
cDNAs of 0.8 kb (B/C/D domains) and 1.2 kb (D/
E/F domains), were isolated (Fig. 2B). In Southern
analyses using genomic fragments and oligonucleo-
tide OaERD, 5P-GGTCATTATGGTGACCT-3P
[17,33] as probes, the three PCR products exhibited
the corresponding domains of OaER (Fig. 2C), thus
con¢rming the authenticity of the PCR fragments.
3.2. The OaER cDNA is expression-competent
TNT reaction of OaER cDNA was crucial in yield-
ing information regarding its expression competence,
and ultimately, its ability to generate a recombinant
protein. SDS-PAGE analysis followed by £uorogra-
phy generated two 3H-labelled proteins of 64 and
38 kDa (Fig. 3). The major band of 64 kDa repre-
Fig. 3. In vitro coupled transcription and translation (TNT)
products encoded by the full length OaER cDNA. Lanes 1:
positive control luciferase (60 kDa); 2: TNT product from
pBSFullOaER EcoRV (OaER cDNA cloned into EcoRV site) ;
and 3: TNT product from pBSFullOaER HincII (OaER cDNA
cloned into HincII site). Aliquots (5 Wl) of the in vitro TNT mix
were analyzed on 10% SDS-PAGE followed by £uorography.
Fig. 4. Saturation binding analysis of OaER at 4‡C and 20‡C.
(A) The TNT OaER exhibited an average Kd value of 2.75 nM.
The estimated Bmax of TNT OaER is 228 fmol/mg of protein.
(B) Whole cell extract (WCE) from recombinant COS-1 cells
expressed recombinant OaER which has a Kd value of 2.24 nM
and Bmax of 506 fmol/mg protein.
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sents the complete translation product corresponding
to the calculated size based on 583 amino acids of
ER. The 38 kDa protein may have been generated
through translation initiation at an internal AUG
codon such as that at position 1296 bp, or proteo-
lytic cleavage at speci¢c sites, or due to incomplete
translation. The construct containing full length
OaER cDNA subcloned at the EcoRV site of pBlue-
script II SK exhibited a reduced level of incorpora-
tion of [3H]leucine (20%). On the other hand, full
length OaER subcloned at the HincII site surpris-
ingly showed 88% incorporation of [3H]leucine.
This is comparable to the luciferase positive control
of 89%. Thus, pBSFullOaER HincII was subcloned
into expression vector pCI-neo with a view to study
its ligand binding and transactivation potentials in
vivo.
3.3. Dissociation constant and binding capacity of
OaER
The saturation binding experiment demonstrates
that estrogen is bound by the in vitro translated
OaER with a Kd of V2.75 nM when determined
both at 4‡C and at 20‡C (Fig. 4A). This value is
about 10 times higher than that of hER [34], but
2^3 times lower than rainbow trout (rt) ER [35].
Similarly, in vivo translated recombinant OaER de-
rived from COS-1 gave a Kd value of V2.24 nM
(Fig. 4B), which is in close agreement with that of
TNT OaER. The estimated Bmax of TNT OaER is
228 fmol/mg of protein. The Bmax obtained for whole
cell extract is 506 fmol/mg of protein, which is almost
2.5-fold higher than that of TNT OaER.
3.4. The a⁄nity of OaER for estrogen is
temperature-dependent
The binding a⁄nities of TNT-expressed OaER and
cER were measured in vitro at di¡erent tempera-
tures. We observed that estrogen binding a⁄nity of
OaER could be reduced by an increase in temper-
ature (Fig. 5A) while the a⁄nity of cER a⁄nity for
estrogen remained unchanged at V0.25 nM (Fig.
5B). The Kd values for OaER determined at 4‡C,
20‡C and 25‡C were similar (Fig. 5A), whereas at
28^37‡C, the binding a⁄nity for estrogen was de-
creased by 3-fold. To con¢rm that a decrease in li-
Fig. 5. Saturation analyses of the [3H]estrogen binding in
OaER (A) and (cER B) at various temperatures. Aliquots of
TNT mixtures containing ER were incubated with increasing
concentrations of [3H]estrogen, in the presence and absence of
a 200-fold excess of radioinert diethylstilbestrol at indicated
temperatures. Speci¢c ligand binding was determined by sub-
tracting non-speci¢c binding from total binding. A⁄nity of the
receptor for estrogen was estimated by the method of Scatchard
[22]. The Kd values were determined from at least three inde-
pendent experiments. Means indicated by di¡erent letters (a or
b) are signi¢cantly di¡erent (P6 0.05).
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gand binding was not the consequence of thermal
instability or degradation of the piscine OaER at
elevated temperature with respect to its environmen-
tal temperature, the stability of OaER was examined
at various temperatures [16]. As illustrated in Fig.
6A, OaER was stable throughout the 30 min period
over the entire range of temperature conditions. The
decrease in Kd at elevated temperatures is not ac-
counted for by a loss of intact receptor proteins
(Fig. 6B). The temperature-dependent ligand binding
of OaER for estrogen is likely to be attributed to
those amino acids novel to OaER (Fig. 7).
3.5. Transcriptional activation by the OaER
In vitro hormone binding studies demonstrate that
an increase in temperature caused a decrease in af-
¢nity of OaER for estrogen, but did not a¡ect its
stability. It would therefore be interesting to inves-
tigate whether this unique property of OaER is man-
ifested in vivo. Furthermore, if indeed elevated tem-
perature only in£uenced its a⁄nity for estrogen but
not its stability, then maximal transactivation ca-
pacity at elevated temperature can be rescued with
higher concentrations of estrogen. In order to verify
this speculation, we investigated the transactivation
ability of OaER at di¡erent temperatures, via co-
transfection experiments into various cell lines that
do not express endogenous ER.
In cells co-transfected with estrogen-responsive re-
porter vector (pERE-TK-CAT) and ER expression
vector (pCI-neo OaER or pCI-neo cER), the CAT
enzyme was increased only in the presence of estro-
gen (Fig. 8). No induction was observed with pTK-
CAT and pCI-neo OaER or pERE-TK-CAT and
pCI-neo control expression vectors. Under the same
experimental conditions, cER also induced CAT pro-
duction identical to OaER. It is thus conceivable that
both ERs induced the same magnitude of transacti-
vation. Co-transfections into di¡erent cell types
studied under various temperatures (Fig. 9), with a
high estrogen concentration of 1U1035 M, resulted
in a similar level of induction suggesting that the
level of induction is not dependent on cell type and
temperature.
3.6. Transactivation ability of OaER at di¡erent
temperatures
Various cell lines maintained at di¡erent temper-
atures, such as 37‡C (for COS-1 and HeLa cells),
28‡C (EPC), 25‡C (EPC) and 20‡C (CHSE), were
co-transfected with pERE-TK-CAT reporter plasmid
Fig. 6. Thermal stability of OaER and cER in vitro. (A) TNT
OaER or cER were treated as described in Section 2. Percen-
tages of speci¢c estrogen binding at 20‡C and 37‡C for OaER
and cER are illustrated. Data are expressed as the percentage
of speci¢c binding with 100% being equal to the speci¢c bind-
ing measured in TNT mixtures kept at 4‡C, followed by the ad-
dition of hormone and incubation at 20‡C. (B) In the absence
of hormone, TNT OaER or cER that were 3H-labelled were in-
cubated at the indicated temperatures and times. After the end
of the incubation, SDS-PAGE loading solution was added and
samples were boiled and loaded onto a 12% SDS-PAGE gel.
ER was detected by £uorography.
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and OaER or cER expression vectors. The transfec-
tants were incubated in the presence of increasing
amounts of estrogen or vehicle. The e⁄cacy of trans-
activation was measured for both OaER and cER.
Comparison of the dose-response curve shows a shift
that is dependent on temperature (Fig. 9). For COS-
1 cells at 37‡C, the OaER displayed a signi¢cant
dose-response shift compared to cER, requiring a
V80-fold higher estrogen concentration to achieve
half-maximal stimulation of CAT. This indicates
that at 37‡C, the a⁄nity of OaER for its ligand is
80 times lower than that of cER. Maximal CAT
Fig. 7. Comparison of the E domain of estrogen receptors. Alignment of the amino acids in the LBD of six steroid receptors. The
various zones are delimited by shaded boxes above the alignment. Amino acids unique to piscine and OaER LBD are highlighted
with asterisks and bold, respectively. Three zones, K, L2 and Q, are well conserved within this domain. The abbreviations represent
O. aureus (OaER), rainbow trout (rtER), Xenopus (xER), chicken (cER) and human (hERK and hERL) estrogen receptors.
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production was achieved only at high estrogen con-
centrations of 1036^1035 M. A similar experiment
using HeLa cells cultured at 37‡C exhibited the
same type of pro¢le, demonstrating that temperature
sensitivity of this piscine ER to transactivate is inde-
pendent of cell type. Interestingly, as the incubation
temperature was lowered from 37‡C to 28‡C, 25‡C
and 20‡C, the di¡erence in the half-maximal estrogen
concentration between OaER and cER decreased. At
20‡C and 25‡C, the concentration of estrogen neces-
sary to achieve half-maximal activation for OaER
was only V20 times that of cER. This represents a
4-fold increase in the a⁄nity of OaER for estrogen
when compared to that at 37‡C. Such an alteration
in the dose-response curve usually re£ects a change
in the a⁄nity of the receptor for its ligand. At 28‡C
in EPC, an interesting pro¢le was observed. With
low estrogen concentrations of 91039 M, OaER ex-
hibited poor transactivation, as exempli¢ed by a
CAT induction similar to that at 37‡C. However,
beginning from 1U1038 M of estrogen, a notable
increase in CAT was observed. The weak transacti-
vation capacity of OaER at 37‡C and 28‡C was thus
fully rescued by high levels of estrogen. Identical ex-
periments performed using cER exhibited similar
dose-response pro¢les at all temperatures tested, in-
dicating its unaltered temperature stability and hence
a⁄nity for estrogen.
Fig. 9. Transactivation pro¢les of OaER and cER at various
temperatures. Co-transfections and hormonal induction were
carried out as described in Section 2. Cells were incubated with
increasing concentrations of estrogen for 24 h. CAT was meas-
ured and normalized with the internal control SEAP. Results
were expressed relative to control CAT production (pTK-CAT).
Transactivation ability of OaER is dependent on temperature
with half-maximal estrogen concentration similar to its Kd val-
ues when estrogen induction was carried out at 20‡C and 25‡C.
At 28‡C, weak transactivation capacity of OaER appears to be
prevented by high estrogen concentrations of 1038^1035 M. At
an elevated temperature of 37‡C, its a⁄nity for estrogen is de-
creased 80 times as compared to cER, thus con¢rming the tem-
perature-dependent sensitivity to estrogen and the stability of
OaER. Results are the means þ S.D. of four independent trans-
fections.
Fig. 8. Hormone-dependent induction of the transcriptional ac-
tivity of OaER. Cells were co-transfected with 1 Wg of pERE-
TK-CAT:pCI-neo OaER:pSEAP-control (ratio of 6:3:1) and
then treated with 1 WM estrogen (E2) or vehicle for 48 h. CAT
production were measured using CAT ELISA (Boehringer
Mannheim) and normalized with SEAP (Clontech). It is evident
that CAT production is increased only in the presence of estro-
gen and OaER expression vector. No increase in CAT produc-
tion was observed in the absence of OaER or ERE sequence.
Similar histogram pro¢les were observed for HeLa and EPC.
This indicates that COS-1, HeLa and EPC do not express en-
dogenous ER. Results are the means þ S.D. of four independent
transfections.
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3.7. Subzone L3 is partially responsible for OaER
temperature-sensitive ligand binding
To investigate the role of OaER subzone L3 in
estrogen binding, a mutant OaER construct,
OaERv398^432, which contained the cER L3 was
created (Fig. 1). Its a⁄nity for estrogen, at 4‡C,
28‡C and 37‡C, was examined via in vitro saturation
binding experiments. The TNT product of
OaERv398^432 was used for the experiment. The
replacement of L3 neither disrupted its estrogen bind-
ing capacity nor improved its a⁄nity for estrogen as
evident from the Kd value ofV2.4 nM determined at
4‡C (Fig. 10). However, at elevated temperatures of
28‡C and 37‡C, only a V1.3-fold decrease in a⁄nity
was observed as compared to a 3-fold decrease in
native OaER. This represents an overall V2-fold
Fig. 11. Dose-response pro¢le of mutant OaERv398^432 recep-
tor at 25‡C, 28‡C and 37‡C. Dose-response experiments were
performed using mutant OaERv398^432 receptor. CAT was
measured and normalized with the internal control SEAP. Re-
sults are expressed relative to control CAT activity (pTK-CAT).
The transactivation ability of OaERv398^432 exhibited similar
half-maximal estrogen concentrations at all temperatures tested.
This represented a 12-fold improvement in transactivation abil-
ity as compared to wild-type OaER at the elevated temperature
of 37‡C. Results are the means þ S.D. of three independent
transfections.
Fig. 10. Saturation analyses of the [3H]estrogen binding by mu-
tant OaERv398^432 at various temperatures. Identical hormone
binding experiments were performed using TNT OaERv398^
432. A⁄nity of the mutant receptor was estimated by the meth-
od of Scatchard [22]. The Kd values were determined from at
least three independent experiments.
Table 1
Regions of secondary structure in the OaER LBD model
Secondary structure Notation Residues
K-helix H1 263^267
K-helix H2 290^292
K-helix H3 298^302
K-helix H4 308^314
K-helix H5 316^320
K-helix H6 323^332
K-helix H7 335^340
K-helix H8 344^348
L-sheet S1 352^355
L-sheet S2 358^361
K-helix H9 364^368
K-helix H10 372^381
K-helix H11 395^400
disordered region U 401^420
K-helix H12 422^445
K-helix H13 450^469
K-helix H14 475^482
K-helix H15 488^492
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improvement in estrogen binding as compared to the
native OaER at the respective temperatures.
3.8. OaERv398^432 mutant exhibits temperature-
independent transactivation
The transactivating ability of both mutant and
wild-type OaER was compared at 25‡C, 28‡C and
37‡C (Figure 11). When cells were exposed to hor-
mone at 25‡C, the OaERv398^432 mutant displayed
a dose-response pro¢le similar to wild-type receptor.
Unexpectedly, as the incubation temperature was in-
creased to 28‡C and 37‡C, no signi¢cant change in
the half-maximal estrogen concentration was ob-
served. At 37‡C, the OaERv398^432 mutant dis-
played a signi¢cant dose-response shift compared to
wild-type receptor, requiring a 12-fold lower estrogen
concentration to achieve half-maximal stimulation of
CAT activity (Figure 11). It appears that replace-
ment of OaERL3 with the cERL3 subzone resulted
Fig. 12. Three-dimensional structure of OaER LBD predicted by comparative molecular modeling. (A) Model of unliganded OaER
LBD with the K-helices labelled H1^H15 (in the Kabsch-Sander representation of protein secondary structure [46] and in ribbon repre-
sentation with the 17L-estradiol ligand, shown in the CPK rendering, accommodated in the ligand binding pocket of OaER-LBD).
The dark purple ribbon portion, between K-helices H11 and H12, represents a highly £exible region (residues 401^420) with unsatis-
factorily de¢ned folding pattern. Residues that demarcate the boundaries of the hydrophobic cavity are shown in yellow in the ribbon
representation. (B) The overall fold of ¢sh-type OaER LBD model resembles the X-ray structures of human RXRK and RARQ LBDs
[18,19] that belong to the same nuclear receptor superfamily.
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in the mutant receptor having either improved AF-2
transactivation or DNA binding potential, leading to
temperature-independent transactivation.
3.9. Subzone L3 resides in the central core structure of
molecularly modeled OaER LBD
To further understand the role of subzone L3 in
¢sh ER LBD as compared to non-piscine ER LBD,
we attempted to construct the 3-D structure of
OaER LBD using molecular modelling. The model
structure of the OaER LBD is composed of 15 pu-
tative K-helices (H1^H15) and a two-stranded anti-
parallel L-sheet (S1, S2) (Table 1, Fig. 12A). It is
folded into a three-layer antiparallel K-helical sand-
wich-like sca¡old that encompasses the hydrophobic
ligand binding pocket. The central layer formed by
¢ve K-helices (H7, H8, H9, H11, H12) is sandwiched
between two other layers of K-helices (H1^H5 and
H10, H13). The small L-sheet is located near the
ligand binding pocket. The K-helices H6 and H14
£ank the sandwich motif and H15 extends over the
narrow top portion in the unliganded OaER-LBD
model (Figure 12A). The hydrophobic ligand binding
pocket is located at the narrow end of the molecule
and is shown in Figure 12A by yellow colored resi-
dues in the ribbon representation of the OaER LBD
model (Eisenberg-Weiss hydrophobic scale [36]). The
17L-estradiol ligand forms hydrogen bonds to four
binding pocket residues. Its phenolic hydroxyl group
makes hydrogen bonds with the carboxylate of Glu-
308 and the guanidinium group of Arg-349 while the
17L-hydroxyl group makes hydrogen bonds with the
ring of His-478 and the thiol group of Cys-484. Li-
gand-induced alignment of the C-terminal K-helix
H15 over the ligand binding pocket that seals the
cavity opening, shown in Figure 12A, was proposed
to be involved in the ligand-dependent transactiva-
tion function of nuclear receptors [19,37]. The overall
fold of the OaER LBD is similar to that of human
RXRK, RARQ and hERK LBDs although each of
them belongs to an evolutionarily distinct branch
of the nuclear receptor superfamily (Figure 12B).
4. Discussion
The LBD is the largest and most complex of the
proposed domain structures of the nuclear receptor.
The recently elucidated crystal structure of hER
LBD allows one to identify the residues that com-
prise the ligand binding core and interact with the
general ring structure associated with steroid hor-
mones [19]. However, relatively little attention has
been directed to the study of residues in the LBD
involved in maintaining the higher order structure
or stability of steroid receptors. Mutations of resi-
dues critical to global structure have often led to
temperature-sensitive mutants [12^14,16]. Although
there exist temperature-sensitive hormone binding
mutations, very few naturally occurring wild-type
steroid receptors have been identi¢ed to exhibit tem-
perature-dependent ligand binding. This study has
isolated and analyzed a naturally occurring temper-
ature-dependent estrogen receptor from a piscine ver-
tebrate, O. aureus.
The full length OaER, as well as its various do-
mains, was isolated via ‘Hot Start’ PCR and OaER-
speci¢c primers. The authenticities of the products
were veri¢ed using various genomic fragments [17]
and oligonucleotide, OaERD. In vitro transcription
and translation of the cloned 1.8 kb OaER cDNA
produced a major 64 kDa protein that exhibited
unique estrogen binding properties. The saturation
binding experiment shows that estrogen is bound
by the in vitro translated OaER with a Kd of 2.75
nM. The Kd value determined using OaER derived
from COS-1 transfected with pCI-neoOaER is in
close agreement with that of TNT OaER. This disso-
ciation constant value is V10-fold higher than that
of TNT cER, but 2^3-fold lower than that of rtER.
While the Bmax obtained for in vivo produced OaER
is only 2.5-fold higher than in vitro TNT, one should
be cautioned that this value only represents the
amount of soluble OaER. Roehrborn et al. [38] re-
ported that only a small percentage of immunoreac-
tive human androgen receptor produced in recombi-
nant COS cells was soluble and possessed physical
properties approximating those of the native receptor
proteins. Consequently, the Bmax value could under-
estimate the total OaER yield from COS-1 cells.
Nonetheless, these results indicate that the TNT-de-
rived OaER should have the overall structural con-
formation involved in the recognition of estrogen,
comparable to that of cER. However, OaER prob-
ably lacks some amino acids involved in stabilizing
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contacts and hence, a general decrease in a⁄nity for
its ligand was observed at temperatures above 25‡C.
This experiment con¢rms that the PCR-isolated
cDNA correspond to OaER and that speci¢c post-
translational modi¢cation is not necessary to ensure
estrogen binding activity.
Comparison of amino acids in the LBD showed
that OaER and rtER exhibited V85% similarity.
However, in comparison with other vertebrates, this
similarity decreases to 64^67% [33]. Interestingly, the
recently isolated hERL isoform also showed 65% se-
quence identity with ERK members [39]. Three zones
are relatively well-conserved within this LBD: zones
K, L2 and Q (Fig. 7). While it is conceivable that
amino acids of ERs that are strictly conserved from
¢sh to human play a key role in the 3-D structure, in
binding with the ligand or with other proteins such
as heat shock proteins or transcription factors
[13,28], it is highly probable that amino acids in these
zones unique to O. aureus would confer novel fea-
tures on OaER as a steroid receptor in this tropical
teleost. Amino acids in subzones L1 and L3 are
highly conserved in other species (100%) but not in
OaER (18.2%). Since residues involved in the tem-
perature-sensitive loss of hormone binding of the re-
ceptor juxtapose these two subzones [15,16,40], the
dissimilarity observed at these two subzones prob-
ably confers on OaER a unique temperature sensitiv-
ity in estrogen binding. Consequently, hormone
binding studies carried out at di¡erent temperatures
indicate that OaER is thermally stable but exhibits
reduced a⁄nity for estrogen at elevated tempera-
tures, viz., above the normal environmental temper-
ature. At temperatures of 4^25‡C, the mean Kd value
was 2.69 nM. As the incubation temperature was
increased to 28^37‡C, a V3-fold decrease in a⁄nity
for estrogen was observed.
Site-directed mutagenesis of hER LBD has shown
that several amino acids localized near L1 and L3
play an important role in maintaining the receptor
in a conformation that is stable at elevated temper-
atures. The substitution of these residues, G400V,
C447A and K449Q, resulted in reduced ligand bind-
ing at elevated temperature [15,16,40]. Examination
of the thermal stability of OaER in relation to its
estrogen binding capacity showed that the ligand
binding capacity of OaER was still retained after a
brief pre-incubation at elevated temperature. In con-
trast to the temperature-sensitive hER mutant [16],
where pre-incubation in the unoccupied state at ele-
vated temperature irreversibly rendered the mutant
ER incapable of estrogen binding, the native OaER
was capable of ligand binding and exists in its intact
form at elevated temperature, indicating that the
OaER LBD has not altered in the same way as the
hER mutants. This appears contrary to the percep-
tion that since the ¢sh evolved in the aquatic envi-
ronment, its receptor would naturally be more un-
stable at higher temperatures than its mammalian
counterparts. This novel observation provides us
with new evidence that in addition to cysteine resi-
dues, other amino acids in the LBD L3 subzone are
important in the preservation of receptor stability
and function. In addition, the increase in Kd at ele-
vated temperatures is not accounted for by a loss of
intact receptor proteins, but a weakening of ionic
interactions needed to establish stable receptor:li-
gand complex. The temperature-dependent a⁄nity
of OaER for estrogen is likely to be attributed to
those amino acids in the LBD L3 subzone unique
to OaER.
The crystal structure of hERK LBD [19] shows
that its estrogen binding cavity is formed by amino
acids Met-342^Leu-354, Trp-383^Arg-394, Leu-402^
Leu-410, Val-418^Leu-428, Met-517^Met-528 and
Leu-539^His-547. Hormone recognition is achieved
through a combination of speci¢c hydrogen bonds
and complementarity of the binding cavity to estro-
gen. Close examination of the LBD of OaER re-
vealed several amino acids in and around these re-
gions that are unique to OaER. For example, Leu-
349 and Val-533 (hERK) are replaced by Met-304
and Tyr-487 (OaER), respectively. Mutagenesis stud-
ies of hERK involving amino acids in and near these
regions also corresponded to a decrease in a⁄nity for
estrogen [12,13,40^42]. It is evident from Fig. 7 that
subzone L3 exhibited the lowest percentage similarity
of V18% between OaER and non-piscine ERs.
Although the amino acids near this subzone are
not required for estrogen binding or transcriptional
activation, they might be important for the protein
conformation. Pakdel et al. [43] demonstrated that
the region near Cys-447 of hERK is important in
maintaining the receptor in a conformation that is
stable at 37‡C. The molecular model of OaER
LBD (Figure 12), using human RARQ and RXRK
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as templates, revealed that amino acids at/near sub-
zone L3 constitute the region from helices H11 to
H12. Based on our model, helices H11 to H12 are
important for maintaining the structure of the recep-
tor since they constitute the central core layer of
OaER. In the light of the OaER and hERK LBD
models, we observed that the portion corresponding
to L3 (region H11^H12) represents a highly £exible
and disordered region, indicating a possibility that
small modi¢cations at/near subzone L3 might elicit
alterations in the 3-D structure of OaER that could
have profound e¡ects on its temperature-dependent
ligand binding properties. We speculate that elevated
temperature causes a higher level of disordered state
within this region that ultimately manifests as tem-
perature-dependent estrogen binding.
Cell transfection experiments using OaER and
cER cDNA subcloned into aneukaryotic expression
vector were carried out to determine the tempera-
ture-dependent ligand binding. The OaER can func-
tion in a large variety of cells (carp, salmonid and
mammalian cells) indicating that the molecular
mechanism underlying transactivation involving the
receptor is ubiquitous and evolutionarily conserved.
Transient transfections of OaER into various cell
lines cultured at di¡erent temperatures displayed a
signi¢cant estrogen dose-response shift compared to
cER. Using COS-1 cells cultured at 37‡C, OaER re-
quires V80-fold more estrogen to achieve half-max-
imal stimulation of CAT. Similar experiment using
HeLa cells cultured at 37‡C exhibited the same pro-
¢le, demonstrating that temperature sensitivity of
this piscine ER to transactivate is independent of
cell type. Rather, it is in£uenced by its unique E
domain which harbors AF-2 properties. The di¡er-
ences between cell lines in temperature dependence of
co-activators, heat shock proteins (hsps), and steroid
metabolizing enzymes cannot be responsible for the
observation since the CAT production pro¢les using
cER were similar. As the incubation temperature was
lowered from 37‡C to 25‡C or 20‡C, OaER showed a
4-fold increase in its a⁄nity for estrogen. The ther-
mally de¢cient transactivation of OaER at temper-
atures above 25‡C was fully prevented by high levels
of estrogen. Unlike other non-piscine ERs, OaER
displayed a closely matched Kd value and ligand con-
centration necessary for half-maximal production of
CAT.
Further dissection of the role of L3 in temperature-
dependent ligand binding was also achieved via the
construction of a mutant receptor, OaERv398^432.
This OaERv398^432 contains an identical coding re-
gion as native OaER except that the amino acids at
positions 398^432 were replaced by the correspond-
ing residues from cER. No additional amino acids
was introduced or removed at the cloning junctions,
as veri¢ed by sequencing. This was to ensure that the
observations derived using this mutant were authen-
tic and not the result of a global perturbation of the
OaER structure arising from a single amino acid
change. In vitro, saturation binding experiment
showed that swapping of this subzone with L3 of
cER did not increase the a⁄nity of OaERv398^432
for estrogen. The Kd value determined at 4‡C was 2.4
nM. At 28‡C and 37‡C, the Kd decreased by V1.3-
fold. OaERv398^432 is V2-fold more capable of
estrogen binding as compared to native OaER under
the same condition. This observation clearly argues
that amino acids at/near subzone L3 are partially
responsible for the novel temperature-dependent li-
gand binding of OaER, since replacement with L3
of cER managed to partially rescue OaER temper-
ature sensitivity. The invariant amino acids in the
OaER LBD have been proposed to play a vital
role in maintaining the higher order structure of
OaER. Our data suggest that those unique amino
acids in the subzone L3 of the E domain of OaER
are probably responsible for destabilization of the
ER:estrogen complex at elevated temperatures.
To investigate if the OaERv398^432 mutant also
manifests itself in intact cells, in vivo cell transfection
assay was performed to examine the ability of the
mutant to activate a transgene when estrogen expo-
sure of cells was conducted at 25‡C, 28‡C and 37‡C.
Since the OaERv398^432 receptor is as stable as
native OaER at 25‡C, we expect that the dose-re-
sponse curves of the two receptors would be similar.
We did in fact ¢nd that transfection at 25‡C pro-
duced an estrogen-induced CAT production similar
to native OaER. Unexpectedly, the CAT production
at 28‡C and 37‡C was not signi¢cantly di¡erent from
that at 25‡C. Several explanations may be o¡ered for
this apparent discrepancy between in vitro deter-
mined Kd values and in vivo transactivation assays.
Although it is clear that L3 replacement is likely to
be the main reason for the dose-response shift at
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higher temperatures, it is not su⁄cient to fully ex-
plain the similar pro¢les observed. It would appear
that L3 replacement not only partially rescues tem-
perature-dependent ligand binding, but also a¡ects
its DNA binding ability or the AF-2 transactivation
potential. Mutations at LBD that a¡ects both hor-
mone binding and DNA binding have been reported
for hER [16]. Coincidentally, the DNA binding C
domain of OaER displays some degeneracy as com-
pared to the perfect matching in non-piscine ERs
[17]. These degeneracies consistently occur at the
same amino acid positions of OaER which presum-
ably a¡ect its a⁄nity for DNA. Nonetheless, the
concentrations that was required for half-maximal
CAT production using OaER or OaERv398^432
were still 10^15-fold more than for cER. The absence
of the conserved A domain in OaER may explain
this requirement for a high estrogen concentration.
The lack of A domain in OaER may minimize pro-
tein-protein interactions for stable formation of the
transcription initiation complex. The A/B domain of
hER has been reported to contribute to cell- and
promoter-speci¢c transactivation [44]. Thus, transac-
tivation on the mutant OaERv398^432 harboring
the cER A domain will provide important insights
into the key issue of transactivation of receptor in
¢sh.
The data presented here clearly demonstrate that
the piscine ER model can have important applica-
tions for the study of temperature-dependent ligand
binding, transactivation and most likely other func-
tions previously associated with non-piscine ER.
Furthermore, the role of ER as a pivotal transcrip-
tion factor in the vitellogenesis of ¢sh is an added
advantage in the studies of elevated temperature on
reproduction and consequently, the aquaculture in-
dustry. Recently, using non-piscine ERs, a yeast es-
trogen screen (YES) system has been developed for
the detection of estrogenic chemicals in the environ-
ment [45]. The potency of chemicals utilized in those
studies should not be extended to the piscine, since
the latter, exempli¢ed in OaER, exhibit unique struc-
tural features with respect to temperature-dependent
ligand a⁄nity. The naturally lower sensitivity of
OaER to estrogens implies that the ¢sh may need a
higher threshold for these estrogenic chemicals at
9 25‡C to elicit a biological response. Nonetheless,
the accumulation of environmental chemicals in ¢sh
may achieve a level that could produce estrogenic
activity. It is imperative that we determine this crit-
ical level as we envisage ¢sh to be the appropriate
bioindicator for such environmental contaminants in
aquaculture industries. Based on the supporting ra-
tionale from this work, our laboratory is currently
developing a YES system using OaER.
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